S U M M A R Y RNA interference has become a valuable tool to identify and investigate proteins involved in the formation of peroxisomes. We demonstrate that the elongation of peroxisomes serves as an excellent indicator for efficient knock down of dynamin-like protein 1 (DLP1) in mammalian cells. We took advantage of the silencing-dependent morphological changes of peroxisomes to compare different transfection methods and show that a single transfection of DLP1 siRNA by electroporation is sufficient to effectively silence DLP1. We present a fast, easy, and convenient protocol for efficient gene silencing in a large number of cells, which can be used for quantitative and biochemical studies. Cytochem 53:1037-1040, 2005) 
and lethality of numerous peroxisomal disorders, little is known about the proteins required for their growth and division.
The knock down of proteins involved in organelle formation and maintenance of morphology is often accompanied by particular morphological changes of the organelle, which allow insight into protein function. A thorough biochemical, ultrastructural, and quantitative analysis of the effects requires efficient silencing in a large number of cells that can easily be measured and monitored. We have recently demonstrated that the large guanosine triphosphatase DLP1/ DRP1, which has been implicated in the fission of mitochondria, is also required for the division of mammalian peroxisomes (Koch et al. 2003 (Koch et al. , 2004 . The knock down of DLP1 causes peroxisome elongation. We then took advantage of the particular morphological changes of peroxisomes observed after silencing of DLP1 to compare current transfection methods and to develop an efficient, fast, easy, and convenient protocol for cell transfection and gene silencing.
We have chosen chemical synthesis of siRNA duplexes, which are easier to transfect than are DNAbased vectors that express siRNA. The transfection of RNA silencing vectors is often followed by a selection of knock down cells; for example, with hygromycin. However, the selection medium can alter the delicate organelle morphology. To knock down the expression of DLP1 by RNA interference, 21-nucleotide RNAs Boll, Schrader were obtained from Dharmacon (Lafayette, CO). The siRNA sequence efficiently targeting human DLP1 (access no. NM012062) corresponded to the coding region 783-803. The DLP1 siRNA turned out to be effective in COS-7 (African green monkey) and HepG2 cells (human hepatoblastoma), but also in cells of rodent origin. The effectiveness of our selected DLP1 target sequence has recently been confirmed by another group using HeLa cells (Lee et al. 2004) .
To establish a very efficient, fast, and convenient protocol for cell transfection and gene silencing, we decided to use the well-defined DLP1 siRNA to knock down DLP1 expression in COS-7 cells stably expressing a green fluorescent protein (GFP) construct bearing the C-terminal peroxisomal targeting signal 1 (GFP-PTS1). COS-7 cells were cultured under standard conditions in DMEM supplemented with 10% FCS (PAA Laboratories GmbH; Cölbe, Germany) . siRNA was transfected into the cells using either oligofectamine (Invitrogen GmbH; Karlsruhe, Germany) or electroporation. As a control, cells were transfected with siRNA duplexes targeting luciferase (Dharmacon). The indicated transfection conditions concerning cell number, concentration of siRNA, and amount of transfection reagent have been determined in preceding optimization experiments. Conditions were selected to achieve a high level of siRNA transfection and knock down efficiency while maintaining a high level of cell viability. For transfection with oligofectamine, cells were plated on six-well plates (2 ϫ 10 5 cells/well) and transfected 24 hr after plating (day 1) by adding 200 l of transfection mix to a well containing 1 ml of serum-and antibiotic-free medium. The transfection mix was prepared as follows: 4 l of oligofectamine were added to 11 l of serum-free medium (solution A), and 4 l of siRNA duplex (20 M) was mixed with 181 l of serum-free medium (solution B). Both solutions were incubated for 5 min at room temperature. Solution A was then added dropwise to solution B and incubated for 20 min at room temperature. The transfection medium was replaced after 5 hr by medium containing 10% FCS. After transfection, cells were either kept in culture for another 96 hr (until day 4) or were retransfected with DLP1 siRNA after 24 hr (day 2), or after 24 and 48 hr (days 2 and 3). For transfection by electroporation, cells grown to 90% confluency on an area of 75 cm 2 (1 ϫ 10 7 cells) were harvested by trypsination, washed in 10 ml of HBS solution (21 mM Hepes, 137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , 6 mM dextrose), resuspended in 0.5 ml HBS, and transferred to a 0.4-cm-gap sterile electroporation cuvette containing 20 l of siRNA duplex (20 M). Electroporation was performed in an Easyject Plus electroporator (Peqlab; Erlangen, Germany) at 230 V, 1500 F, 25-30 msec duration. After electroporation, cells were immediately resuspended in DMEM/10% FCS and plated on six-well plates (2 ϫ 10 5 cells/well) or cultured in 75 cm 2 flasks for retransfection. Cells were either transfected with siRNA duplexes once (day 1) or were retransfected after 48 hr (day 3) using electroporation. In another set of experiments, cells were first transfected with siRNA duplexes by electroporation (day 1) and afterwards retransfected by oligofectamine to prolong the period of DLP1 depletion. Cells were usually assayed for silencing and peroxisome morphology on day 4 (96 hr after the first transfection) by immunofluorescence and immunoblotting (shorter incubation times are possible). For immunofluorescence, cells grown on glass cover slips were fixed with 4% paraformaldehyde in PBS, pH 7.4, and permeabilized with 0.2% Triton X-100. For visualization of endogenous DLP1, cells stably expressing GFP-PTS1 were incubated with rabbit anti-DLP1 antibodies (Yoon et al. 1998) , and subsequently with goat anti-rabbit IgG conjugated to tetramethyl rhodamine isothiocyanate. Samples were examined using an Olympus BX-61 microscope (Olympus Optical Co. GmbH; Hamburg, Germany) equipped with a ϫ 100 objective (Olympus Plan-Neofluar; numerical aperture 1.35) and a F-view II CCD camera (Soft Imaging System GmbH; Münster, Germany). For gel electrophoresis and immunoblotting, cells were solubilized in lysis buffer (25 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.5% deoxycholate, 0.5% Triton X-100 supplemented with a protease inhibitor mix) for 30 min at 4C. Proteins were precipitated with 10% (w/v) trichloroacetic acid, and protein concentrations were determined using the BC assay (Interchim; Montlucon, France). Protein samples were separated by SDS-PAGE on 12.5% acrylamide gels, transferred to nitrocellulose using a semidry apparatus, and analyzed by immunoblotting using antibodies to DLP1, dynamin 2 (MC63) (Yoon et al. 1998) , and ␣ -tubulin (DM1 ␣ ) (Sigma-Aldrich; Taufkirchen, Germany). Immunoblots were processed using HRP-conjugated secondary antibodies and enhanced chemiluminescence reagents (Amersham Corporation; Arlington Heights, IL).
Oligofectamine transfection of DLP1 siRNA has recently been shown to induce an elongation of the peroxisomal compartment in COS-7 cells (Koch et al. 2004 ). This notion was confirmed by transfection of COS-7 cells with DLP1 siRNA using electroporation ( Figure 1A) . Endogenous DLP1 was barely detectable in silenced cells by immunofluorescence ( Figure  1A , asterisks). Adjacent cells, which were not or insufficiently transfected with the DLP1 siRNA ( Figure  1) , or controls transfected with luciferase siRNA (Figure 1B) showed high protein levels and a fine, punctate cytoplasmic staining pattern for DLP1. The GFPlabeled peroxisomes in controls or non-transfected cells had a spherical or rod-shaped appearance, whereas peroxisomes in DLP1-silenced cells displayed a highly elongated, tubular morphology (up to 15 m in length). The special morphology is due to a complete block of peroxisomal fission resulting in the accumulation of peroxisomes in an elongated and constricted state (Koch et al. 2004) . No differences in the length or number of elongated peroxisomes per cell were observed when either oligofectamine or electroporation was used for transfection. The special morphological changes of peroxisomes induced by DLP1 silencing allowed a thorough quantitative evaluation of the transfection efficiency and DLP1 knock down. For quantitative evaluation of peroxisome morphology, 200-300 cells per cover slip were examined and categorized as cells with elongated, tubular ( Ͼ 2 m in length), or spherical peroxisomes (0.3-1 m). Usually, three to five cover slips per preparation were analyzed, and three to five independent experiments were performed.
A single transfection of COS-7 cells with DLP1 siRNA using oligofectamine was able to induce elongated, segmented peroxisomes in 32.5 Ϯ 8.5% of the cell population ( Figure 1C ). Efficient silencing of endogenous DLP1 in these cells was confirmed by costaining with a DLP1-specific antibody ( Figure 1A) . A higher percentage of cells exhibiting elongated peroxisomes was obtained after a second (65 Ϯ 7%) and a third round of transfection (75 Ϯ 5%) using oligofectamine ( Figure 1C) . Peroxisome morphology or staining of endogenous DLP1 was not changed in control cells transfected with luciferase siRNA. Using electroporation, ‫ف‬ 75% of the cell population showed elongated peroxisomes ( Figure 1D ). The percentage of cells with elongated peroxisomes was not significantly increased after retransfection with oligofectamine or after a second electroporation step. The morphological observations were confirmed by immunoblotting ( Figure 1E ). Immunoblots of cell lysates demonstrated that the DLP1 protein level was most efficiently reduced after electroporation of DLP1 siRNA to 15-Figure 1 COS-7 cells stably expressing a green fluorescent protein (GFP) construct bearing the C-terminal peroxisomal targeting signal 1 (GFP-PTS1) were transfected with small, interfering RNA duplexes directed against either dynamin-like protein 1 (DLP1) or luciferase (control) and processed for immunofluorescence ( A-D ) and
immunoblotting ( E ) 96 hr after transfection (day 4). For visualization of endogenous DLP1, cells stably expressing GFP-PTS1 were incubated with rabbit anti-DLP1 antibodies and subsequently with goat anti-rabbit IgG conjugated to tetramethyl rhodamine isothiocyanate. Note the elongated peroxisomes in ( A ) (asterisks). N, nucleus of an adjacent cell showing less efficient silencing. ( C,D ) Quantitation of peroxisome morphology after silencing of DLP1. Cells were either transfected once ( ϫ 1) or were retransfected ( ϫ 2-3) using oligofectamine (OF) ( C,E ), electroporation (EP) ( D,E ), or a combination of both ( D,E ). Data are presented as means Ϯ SD ( p Ͻ 0.01 when compared with controls). ( E ) Cells were transfected with the respective siRNAs and lysed. Equal amounts of protein were separated on 12.5% acrylamide gels and transferred to nitrocellulose membranes. Standard immunoblotting was carried out using enhanced chemoluminescence. Expression of DLP1 was determined with an anti-DLP1 antibody. Antibodies against ␣ -tubulin (Tub) and dynamin-2 (Dyn2) control for nonspecific alterations and equal loading. Con, control with luciferase siRNA. Bars: A-E ϭ 10 m.
25% of the control level, whereas the protein levels of ␣ -tubulin and dynamin 2 remained unchanged. Because the transfection efficiency is usually ‫ف‬ 70-80%, the DLP1 protein level in those cells that took up the DLP1 siRNA is actually lower than indicated by the immunoblots performed with total cell lysate. Retransfection of electroporated cells did not result in a significant further reduction of the DLP1 protein level, whereas treatment with oligofectamine required retransfection for efficient silencing (to 20-35% of the control level). A significant reduction of DLP1 protein level was not observed in controls.
These data demonstrate that peroxisome elongation serves as an excellent indicator for efficient DLP1 knock down. Although mitochondrial morphology is affected by DLP1 siRNA, it exhibits a greater heterogeneity and is more difficult to quantitate. We show that a single transfection of DLP1 siRNA by electroporation is sufficient to effectively silence DLP1. The transfection protocol provided represents a very efficient, fast, easy, and convenient method for cell transfection and gene silencing in a large number of cells, which can be used for quantitative and biochemical studies. Cells are usually assayed on day 4 after transfection, but shorter incubation times are possible. Finally, the method allows cotransfection of DNAvectors by chemical transfection reagents such as cationic liposomal and polyamine based agents (usually 48 hr after electroporation).
